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Abstract 
 
The paper looks back on the 1974 Specialists’ Meeting on Rotorcraft Dynamics and the paper on Loads 
Comparison, and reflects broadly on the ensuing 40 years of aeromechanics R&D and the changes that have taken 
place. How the 1974 Specialists’ Meeting came about and the process of how the Loads Comparison effort was 
initiated and organized is described, involving as it did, a cooperative effort of disparate industry analysts and 
government researchers. How these events influenced emerging Army rotorcraft R&D in the Ames environment, 
and the birth of the AHS San Francisco Bay Area chapter are recalled. To bridge the 40-year span of loads 
prediction, then and now, new results from today’s evolved codes are compared with the original 1974 results. 
Modern results from RCAS, UMARC, along with CFD/CSD results from the HELIOS/RCAS and GT-
Hybrid/DYMORE are presented. Suggestions are offered to address rotorcraft aeromechanics R&D in the future. 
 
∗Preface  
 
The theme of the Fifth Decennial AHS Aeromechanics 
Specialists’ Conference is “Current Challenges and 
Future Directions in Rotorcraft Aeromechanics.” As we 
aim toward these challenges and plan future research it 
is appropriate to look back on the origins of this unique 
series of five meetings and conferences. Although the 
technical environment was quite different and the 
rotorcraft world was of another era, today’s challenges 
trace back to that time. Thus we may draw insight from 
past approaches and results there-from and planners of 
today’s research may perhaps benefit from 
understanding past approaches and lessons learned in 
the intervening four decades.  
 
The 1974 AHS/NASA Ames Specialists’ Meeting on 
Rotorcraft Dynamics held at Moffett Field, California, 
Feb 13-15, 1974, Ref 1, was the original forerunner of 
the Fifth Decennial Aeromechanics Specialists’ 
Conference. The 2nd Decennial Specialists’ Meeting on 
Rotorcraft Dynamics was held at Ames Research Center 
in 1984 establishing the decennial tradition, Ref. 2. 
Subsequent conferences held in San Francisco in 1994 
and 2004 evolved to address the broader disciplines of 
rotorcraft aeromechanics, Refs. 3-4. The technical 
chairmen for these five meetings and conferences were 
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Robert A. Ormiston, William G. Bousman, William W. 
Warmbrodt, Thomas H. Maier, and Hyeonsoo Yeo. 
Corresponding General Chairmen were E.S. (Ted) 
Carter, Jr., C. Thomas Snyder, A. W. Kerr (for two 
conferences), and Susan Gorton.  
 
The 40-year span encompassing the five specialists’ 
meetings reflects enormous changes in nearly every 
aspect of rotorcraft research and technology. Simply 
from the historical perspective of rotorcraft research and 
of Ames’ contributions it is of interest to review the 
background of the 1974 meeting and how it came about 
as well as the role and impact of these events in relation 
to the Army and NASA environment at Ames. This is 
essentially a brief historical account touching on certain 
aspects rotorcraft research, rotor loads prediction 
methodology, and comprehensive analysis related to the 
Army and NASA research at Ames and the four 
specialists’ meetings and conferences between 1974 and 
2014. 
 
A number of papers presented at the 1974 meeting 
represented key developments in rotorcraft technology 
or were indicators of emerging trends in rotorcraft 
research. One of these was the author’s paper on rotor 
loads comparisons, Refs. 5 and 6. The intent of the 
present paper is to look back on the first meeting and 
the Loads Comparison paper, and reflect on the ensuing 
40 years of aeromechanics R&D, the progress that has 
been made, and the challenges that remain. A few 
suggestions will be offered on future rotorcraft 
aeromechanics R&D. 
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Background –  
The Rotorcraft Technical Landscape in 1974 
 
It is interesting to reflect back on how different it was 
40 years ago compared with today’s environment. The 
Army was still flying UH-1s, AH-1Gs, OH-6s, and CH-
47s. In terms of development programs, the Army 
Advanced Aerial Fire Support System (AAFSS), the 
high-tech Lockheed AH-56A Cheyenne compound 
helicopter had ended with a legacy of technical 
challenges. The Utility Tactical Transport Aircraft 
System (UTTAS) and Advanced Attack Helicopter 
(AAH) programs that would lead to the Black Hawk 
and Apache were just getting underway. Despite the 
demise of the Cheyenne, hingeless rotor R&D was 
active and the bearingless rotor was viewed as the next 
big thing. The Comanche was far in the future.  
 
In rotorcraft R&D, the new Army Aeronautical 
Research Laboratory at Ames had expanded to become 
the Air Mobility R&D Laboratory, but NASA Ames 
was not yet the lead center for rotorcraft. The National 
Rotorcraft Technology Center (NRTC) and Vertical Lift 
Centers of Excellence (VLRCOE) did not exist. The 
Army/NASA Bell XV-15 tiltrotor program was 
underway, but it was still several years away from first 
flight and V-22 program did not exist. 
 
Before 1974, fundamental rotorcraft science was 
relatively primitive. In fact it was on the threshold of a 
great leap forward, fueled by several converging 
developments. Great strides in aerospace technology, 
engines, materials, and controls, plus the Vietnam War 
lead to enormous increase in the use and importance of 
rotorcraft that continues to this day. Although the 
helicopter was not invented until the late 1930s, the 
development of the autogyro provided the stimulus for 
research and the basic theory of rotor aerodynamics and 
dynamics advanced alongside fixed wing aeronautics. In 
what might be termed the “classical period” the work of 
Glauert, Lock, and other pioneers formed the basis for 
helicopter theory. The principal advances were 
performed at the RAE and at NACA Langley.  
 
During World War II and the 1950s rotary wing and 
helicopter technology gradually advanced. Fundamental 
technology advances included analytical solution of the 
ground resonance phenomenon, development of 
rigorous equations of motion for rotating beams, and the 
beginnings of discrete vortex wake models for rotors. 
Analog and early digital computers were beginning to 
have an impact. 
 
The 1960s might be termed the beginning of the modern 
era in rotorcraft aeromechanics technology although the 
term aeromechanics had not yet become widely 
accepted in the rotorcraft community. During the 1960s 
and the early 1970s leading up to the 1974 Specialists’ 
Meeting, Army and NASA specialists were focusing on 
fundamental aerodynamics and dynamics phenomena 
including nonlinear rotating beam structural dynamics. 
The Hodges-Dowell nonlinear beam equations were 
newly developed in 1974, Ref 7. Full finite element, 
multi-body dynamics models for rotorcraft were still in 
the future. Rotor-fuselage dynamic coupling between 
the rotating and fixed systems was an unsolved 
problem. On the aerodynamic frontier, the full 
complexity of 3-D unsteady, compressible flow 
remained to be solved including the difficulties of 
unsteady separation, stall, dynamic stall, the rotor wake 
flowfield, and blade vortex interaction. Lifting line 
theory was the basic approach for rotor blade airloads,  
 
A central theme of rotorcraft research is to understand 
the fundamental aerodynamic and structural dynamic 
phenomena and their interactions that determine the 
rotor blade airloads and structural response and then 
develop mathematical models, solution methods, and 
computer codes to predict desired rotor characteristics 
for use by researchers and designers. Such approaches 
were increasingly prevalent in the early 1970s and 
eventually led to a focus on prediction methodology 
itself. 
 
The notion of prediction methodology is based on the 
concept of a computer code and a digital computer to 
solve a system of equations that represent the physical 
system. Before the advent of the computer, helicopter 
design methodology was based on simplified analytical 
and empirical methods that combined the available 
fundamental theory of the day and experience gained 
from earlier designs. Theoretical results were often 
made available in the form of tabulated data or design 
charts. With the advent of the digital computer, all of 
this information could be contained in a computer 
program along with suitable data files and design 
analysis could proceed by predicting the aerodynamics, 
performance, blade loads, and other characteristics of 
proposed designs. Design synthesis and optimization of 
a new aircraft to meet design requirements would 
involve iterative application of analysis methods along 
with information from other sources. As prediction 
methods increased in scope and accuracy, more of the 
design process would be taken over by computers. 
 
In 1974, the state-of-the-art of rotorcraft prediction 
methodology was primarily embodied in proprietary 
computer codes of the major rotorcraft manufacturers. 
Each company typically developed its own codes based 
on scientific and technical knowledge accumulated from 
publically available knowledge developed by 
Government and universities as well as proprietary 
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industry data and research. Computer codes available in 
government and academia were generally not prediction 
codes for vehicle design, but rather were focused on 
narrow technical topics defined by specific research 
investigations, i.e., research codes. 
 
Understandably, the limitations of rotorcraft science and 
the focus on engineering applications limited the 
effectiveness/rigorousness of the industry design codes. 
Since rotorcraft of different manufacturers 
characteristically evolved to represent particular 
physical configurations, individual codes typically 
reflected that specific configuration. A variety of 
empiricisms necessary to address gaps in rotorcraft 
scientific knowledge created further uncertainty in the 
early prediction codes. These early codes came to be 
known as first generation codes. 
 
Despite the collective technological advancement these 
codes represented, their limitations caused considerable 
concern. The inability to accurately predict rotorcraft 
performance and structural loads significantly impacted 
the effectiveness of the design process, impacting 
development risk, cost, and mission performance of the 
aircraft. As a worst case, a fundamental deficiency, 
discovered after the start of flight testing, could 
necessitate a costly re-design or even jeopardize the 
program, and this is a problem that exists to this day. 
 
Such technical limitations played a part in the 
cancellation of the Army’s AH-56A Cheyenne program. 
Lack of fundamental understanding of hingeless rotor 
aeromechanics and issues encountered in scaling up the 
XH-51 demonstrator aircraft resulted in the inability to 
predict critical dynamic and aeroelastic behavior with 
the design codes of the time, Ref. 9. 
 
This experience increased the focus on prediction 
methodology and set the stage for developments to 
come. One of these was receptivity to the idea of a 
Loads Comparison effort that became a part of the 1974 
Specialists’ Meeting. 
 
Another consequence was the call by some within the 
technical community for the Government to lead an 
effort to develop an improved rotorcraft prediction code 
that would overcome limitations of the industry-
developed first generation codes. In an early proposal, 
Paul Carpenter of Ft. Eustis, termed this concept a 
“global analysis,” a term that later evolved to become 
“comprehensive analysis.” This idea was quite 
controversial and it became a topic of considerable 
discussion at the 1974 Specialists’ Meeting. 
 
Ultimately the need for improved prediction 
methodology and more effective design codes led to 
something of a revolution in the field. Several related 
threads may be mentioned. The debate about global or 
comprehensive analysis was eventually resolved when 
the Army initiated a long-running project to develop a 
Second Generation Comprehensive Helicopter Analysis 
System in the mid-1970s, Refs. 10 and 11. The code 
became known as 2GCHAS and was intended for use 
by the technical community for a wide range of 
research, engineering, and design support across a wide 
range of disciplines now known as rotorcraft 
aeromechanics. Over the last 40 years other rotorcraft 
codes, considered comprehensive analyses, have 
evolved. 
 
Another key development that impacted rotorcraft 
prediction methodology was the aerospace-wide 
revolution in computational fluid dynamics (CFD) that 
was emerging with great impact in 1974. Ames was a 
leader in this new field and a 1975 AIAA article from 
Ames entitled “Computer vs Wind Tunnel for 
Aerodynamic Flow Simulations” created a sensation 
with its not-so-implicit message, Ref. 12. CFD 
technology was ideally suited, and sorely needed, to 
address the inherent and challenging complexities of 
helicopter aerodynamics and Ames and Army 
researchers were already exploiting the opportunities. 
 
A final element of the revolution in rotorcraft prediction 
methodology came about when CFD methods were 
combined with the computational structural dynamics  
(CSD) of flexible blades of rotorcraft to solve the 
interdependent aeroelastic coupling between 
aerodynamic loads and structural response that lies at 
the heart of the rotorcraft loads prediction problem. The 
key developments occurred over an extended period 
from 1985 to 2003, Refs. 13 and 14, and resulted in the 
new field of rotorcraft CFD/CSD coupling. 
 
Multiple aspects of this methodology evolution may be 
traced to the 1974 Specialists’ Meeting. The debates 
over Army support for comprehensive analysis 
development were a focus at the meeting and were 
influenced by the Loads Comparison efforts. The 
collaborative work by participants in the 1974 effort 
served as a template for the collaborations of the 
rotorcraft technical community within the UH-60 
Airloads Workshop that led to the final break-through in 
the successful development of CFD/CSD coupling 
methodology in 2003. 
 
Army/NASA Rotorcraft Collaboration at Ames 
 
One of the central developments for rotorcraft R&D was 
the establishment of the U. S. Army Aeronautical 
Research Laboratory (AARL) at NASA Ames Center in 
1965. This was the result of studies recommending 
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creation of an in-house Army capability for aeronautical 
R&D in support of Army missions (Ref. 15). 
Historically the Army relied upon the other services for 
fundamental research related to rotorcraft. The Army 
Transportation Research Command (TRECOM) at Ft. 
Eustis, VA was devoted more specifically to advanced 
development. The location at Ames was chosen to 
leverage the availability of facilities and the opportunity 
for collaborative research with the NASA Ames 
aeronautics activities. Initially, AARL was established 
as a corporate laboratory and reported directly to the 
Department of the Army. In 1972 the concept was 
expanded to become the U.S. Army Air Mobility R&D 
Laboratory (AMRDL) headquartered at Ames and with 
separate Ames, Langley, and Lewis Directorates co-
located at respective NASA centers. The TRECOM 
installation became the Eustis Directorate. AMRDL was 
brought under the U.S. Army Aviation Systems 
Command located in St. Louis, MO. Further 
organizational and name changes over the years finally 
led to the current U.S. Army Aviation Development 
Directorate (ADD) – Aeroflightdynamics Directorate 
(AFDD). 
 
The Army R&D presence at NASA Ames and the close 
collaboration under a Army/NASA Joint Agreement 
resulted in a significant expansion and impact on 
rotorcraft research. Moreover, the in-house expansion 
created a new cadre of rotorcraft researchers focused on 
rotorcraft technology for Army missions. The results are 
evident in the R&D literature and manifest in many 
other ways. Notably, the Army-NASA collaboration 
materially advanced the development of tiltrotor 
technology, the XV-15, and ultimately the Bell-Boeing 
V-22 Osprey. Along the way NASA reorganized its 
rotorcraft research program and named Ames as the lead 
center for rotorcraft in 1978. Undoubtedly, the 1974 
Specialists’ Meeting owes its origin to the Army/NASA 
collaboration at Ames.  
 
 
The 1974 AHS Specialists’ Meeting 
 
In 1971 the author became a member of the AHS 
Dynamics Technical Committee. Dr. E. Robert (Bob) 
Wood of the Lockheed California Co. was the 
Committee Chairman. Professor Kurt Hohenemser of 
Washington University, one of the more remarkable 
figures in the history of rotorcraft, was an honorary 
member. His numerous fundamental scientific 
contributions, his brilliant engineering accomplishments 
including his pioneering role at Flettner aircraft and the 
first successful synchropter, the FL-265 in 1938 and his 
leading role in rotorcraft development at McDonnell 
Aircraft Co., particularly the remarkable XV-1 
compound helicopter in 1964 were recently well 
chronicled by Gaonkar & Peters, Ref. 16. In discussions 
with Dr. Hohenemser and other Committee members, a 
number of technical initiatives were discussed; the 
author suggested a workshop or specialists’ meeting on 
rotorcraft dynamics. Paul Yaggy, Director of the U.S. 
Army AMRDL , encouraged the author to pursue this 
initiative. In view of the Army/NASA Joint Agreement 
at Ames, the idea of holding the meeting at Ames with 
joint sponsorship of the American Helicopter Society 
and NASA Ames Research Center evolved naturally. 
Ames Center Director Dr. Hans Mark took a strong 
interest in the Army/NASA relationship at the time and 
following the Specialists’ Meeting, Dr. Mark requested 
a briefing on the results by the organizing committee. 
 
The author served as the meeting Technical Chairman 
and the question arose as to who could or would serve 
as the General Chairman. The author approached a 
number of leading figures in the technical community 
but it wasn’t a trivial task to find someone willing to 
participate in what some thought was perhaps a minor 
event far removed from the center of gravity of the 
rotorcraft industry. With Lockheed scaling back on 
rotorcraft efforts, NASA Langley the lead center for 
rotorcraft research, and the AHS Forum held every year 
in Washington DC, there was some evidence for that 
view. Eventually, E. S. (Ted) Carter, Jr., Chief of 
Aeromechanics, Sikorsky Aircraft, agreed to serve as 
the Chairman. To round out the organizing committee, 
James (Jim) C. Biggers, a long-time NASA Ames 
rotorcraft researcher, volunteered to be the 
Administrative Chairman.  
 
It should be noted that at one of the first meetings of the 
organizing committee, Jim Biggers proposed the 
formation of a local chapter of the AHS. At the time the 
author felt that the Organizing Committee would have 
its hands full just dealing with the Specialists’ Meeting 
but Jim’s suggestion went forward and thus was born 
the San Francisco Bay Area Chapter of the American 
Helicopter Society. 
 
Regarding the rationale and precedent for the 1974 
Meeting, General Chairman Ted Carter stated in the 
Preface to the Proceedings, “…as a result of the number 
of high quality papers that have exceeded the capacity 
of the dynamics session at recent AHS Annual 
Forums…the Specialists’ Meeting was organized to 
provide an opportunity…to dialogue in greater depth 
than is possible at the AHS Annual Forum. This is the 
first such meeting in the U.S. since the CAL/TRECOM 
Helicopter and V/STOL Dynamic Loads Symposium in 
1963.” 
 
The meeting turned out to be very successful and 
included proceedings, a subsequent addendum with 
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panel session material and transcribed discussions of the 
papers, and then the formal NASA SP, Ref. 1, after the 
meeting. Also a special issue of the AHS Journal was 
devoted to meeting papers in Oct. 1974. 
 
 
The 1974 Rotor Loads Paper 
 
Three panel sessions were planned as part of the 
Specialists’ Meeting to focus on timely dynamics issues 
of interest at the time. These included 1) Prediction of 
Rotor and Control System Loads, 2) Control of 1/Rev 
Vibration, and 3) Integrating Dynamic Analysis and 
Helicopter Design. The first panel session was 
organized around an assessment of current loads 
predictions methods as applied to a hypothetical 
helicopter rotor, with panel members contributing their 
predicted results for comparisons in a paper to be 
presented as part of the panel session at the Specialists’ 
Meeting. Prior to the exercise, industry and technical 
organizations generally acknowledged that the overall 
accuracy of the prediction methods left much to be 
desired. 
 
When this prediction methodology assessment was first 
proposed, the initial response was a mixture of 
enthusiasm and skepticism along with a degree of 
anxiety within industry about putting forth results of 
their codes for comparison in a public venue. There 
were also concerns about the lack of experimental data 
for validation and an absence of likely funding support. 
And finally, there were the inevitable competitive and 
proprietary issues. All of this created tension between 
“doing the right thing” and the “potential risk of looking 
bad”. Technical staff members within the companies 
tended to be supportive and even enthusiastic while 
management naturally tended to be more reticent. In the 
end the appeal to the common good prevailed. The 
participants concluded that the ability to assess all of the 
codes collectively would provide a unique way to 
assess, and to gain a sense, for the first time, of whether 
there was any consensus on the industry’s capability to 
predict helicopter rotor blade loads. 
 
Technical Strategy 
 
The concept of the 1974 rotor Loads Comparison was to 
investigate the problem of blade loads prediction by 
comparing results from a variety of rotor codes applied 
to a specified common rotor and determining the 
relative agreement or disagreement among the results 
from the various codes. By using a well-defined 
problem as the basis for comparisons it was anticipated 
that the amount of agreement or lack thereof among the 
various codes would provide at least a qualitative 
measure of the collective state-of-the-art of loads 
prediction methods as a whole, even in the absence of 
direct comparisons with experimental data. The concept 
envisioned a broad, industry-wide effort and 
emphasized a representative, well-defined, hypothetical 
rotor blade that avoided extraneous complexity, in order 
to focus on modeling aerodynamic and dynamic 
phenomena and avoid complicating the problem with 
unnecessary details. In fact, without experimental 
validation it was possible to completely avoid any 
questions regarding the validity of blade property data 
and experimental accuracy. This enabled the 
participants to focus on aerodynamic and dynamic 
modeling, generate the specified results, and verify that 
the problem setups and outputs were correct. 
 
The process of planning the effort included informal 
discussion with prospective participants leading to a 31 
July 1973 letter that proposed initial specifications for 
the rotor loads problem including a rotor thrust of 
22,000 lb (CT/σ=0.12) at advance ratio of µ= 0.33. A 
follow-up on Aug 29 reduced the rotor thrust to 18,500-
lb, followed yet again in 14 Sept with a final rotor thrust 
target of 16,500-lb (CT/σ=0.0897). The reductions 
reflected the difficulty of achieving the initial thrust 
levels with the codes in use. The last formal 
coordination occurred on 21 Jan 1974 shortly before the 
Feb 13-15 meeting date. 
 
The emphasis on relatively high rotor thrust at a high 
advance ratio reflected a concern at the time for the 
dynamic stall problem. Retreating blade stall was a 
classic rotor aerodynamic issue getting increasing 
attention by researchers as designers attempted to 
improve rotorcraft cruise speed and encountered 
increasing rotor and control system vibratory loads. 
Research by Tarzanin (Ref. 17), Liiva, Carta, Ham, 
Harris, and McCroskey (Ref. 18), and others were 
actively focusing on the phenomenon with fundamental 
fluid mechanics investigations and development of 
empirical dynamic stall models to predict measured 
rotor loads. 
 
Rotor Problem Specification 
 
The rotor specified for the loads comparisons was 
chosen to be a typical rotor with simple, well-defined 
characteristics in order to minimize potential sources of 
uncertainty. The 50-ft diameter, three-bladed articulated 
rotor had rectangular, linearly twisted elastic blades 
with radially uniform geometric, mass, and elastic 
properties and zero chordwise offsets from the quarter 
chord. The offset hinges did not include kinematic 
coupling and the pitch control system was idealized to 
eliminate linkage kinematic effects. The rotor tip speed 
and basic flight speed were chosen for a relatively high 
advance ratio and advancing blade tip Mach number to 
 6 
emphasize stall and compressibility effects. 
Additionally, two lower speed conditions of were 
included in order to provide a less demanding test of 
aerodynamic modeling and to emphasize the rotor wake 
in the transition condition. The three cases were 
identified as A, B, and C and the high-speed Case A is 
used for the new calculations using current codes. The 
basic blade properties are presented below and a full 
description of the mass and structural properties is given 
in Ref. 6. 
 
The 1974 Rotor Loads Problem 
 
Rotor Configuration 
Radius    20ft 
Chord     1.83ft 
Number of blades   3 
Solidity    0.070 
Twist, linear, from r=0 to R  -10 deg 
Airfoil   NACA 0012 
Root cutout   3.75 ft (0.15R) 
Flap/lag hinge offsets  1.0 ft (0.04R) 
Feathering axis, elastic axis, mass center, and tension 
axis locations    0.25c 
 
Operating Conditions 
 
Tip speed    750 ft/sec 
Shaft angle of attack   0 deg 
Rotor lift    16,500-lb 
Rotor lift coefficient, CL/σ  0.0897 
Parasite drag area   25 ft2 
Side force    0-lb 
Forward velocity, Cases A, B, C    250, 150, 75 ft/sec 
Advance ratio    0.333 
Advancing tip Mach number  0.895 
 
 
Fig. 1. Table of cases and sub-cases used for the 1974 loads 
predictions. 
 
In addition to the three basic cases A, B, and C, sub-
cases were specified in order to compare predictions 
using lower fidelity modeling approaches. These are 
depicted in the table taken from the 1974 paper 
reproduced as Fig. 1. 
The ten individuals and organizations that participated 
in the Loads Comparison are listed as follows. The 
effort was made possible only by their enthusiastic 
cooperation and the support of their respective 
organizations in industry, Government, and academia. 
The individuals were Wayne Johnson, U.S. Army Air 
Mobility R&D Laboratory, Ames Directorate; Richard 
L. Bennett, Bell Helicopter Co.; Frank J. Tarzanin, Jr., 
Boeing Vertol Co.; James R. Neff, Hughes Helicopters; 
A.Z. Lemnios, Kaman Aerospace Corp.; John Gaidelis, 
Lockheed California Co.; Michael P. Scully, MIT; J.J. 
Costes, O.N.E.R.A.; Peter J. Arcidiacono, Sikorsky 
Aircraft; and A.J. Landgrebe, United Aircraft Research 
Laboratories. 
 
 
Fig. 2. Table of contributing organizations in 1974, the 
names of the computer programs and the identifier code 
used to identify the results in the figures below. 
 
The participating organizations are listed in the table 
from the 1974 paper reproduced in Fig. 2. It also 
includes the name of the code used at each organization 
as well as the code label that is used on the figures to be 
presented below and used to identify the contributor of 
the individual results.  
 
Summary of the Paper and Panel Session 
 
The 1974 state-of-the-art methods for helicopter rotor 
prediction were used to calculate rotor blade airloads, 
bending moments, vibratory hub shears, and other 
parameters for a hypothetical helicopter rotor. The 1974 
results will only be summarized here along with some 
of the findings and conclusions. Key results from 1974 
will be presented below and discussed in comparison 
with the new results that are also presented. 
 
Comparisons of results obtained by the ten participants 
indicated significant differences in some areas. Trim 
parameters and flapwise bending moments showed the 
smallest variations, while chordwise bending moments, 
torsional moments, and vibratory shears showed 
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moderate to large differences. Torsional moment 
variations were most sensitive to advance ratio. 
Analysis of the results indicated that the differences 
could be attributed to all three fundamental parts of the 
problem: numerical solution methods, structural 
dynamics, and aerodynamics. 
 
 
Fig. 3. NACA airfoil section lift coefficients vs angle of 
attack at M=0.5 used by the participating organizations in 
1974. 
 
 
 
Fig. 4. NACA airfoil section pitching moment coefficients 
vs angle of attack at M=0.5 used by the participating 
organizations in 1974. 
 
One of the most interesting aspects of the effort was the 
discovery that, among the participating organizations, 
there was relatively wide variation in the NACA 0012 
airfoil section lift, drag, and pitching moment 
characteristics, despite the fact that the airfoil was very 
well known, had been in common use for decades, and 
included numerous published wind tunnel test reports. 
The typical variations in the lift and moment coefficient 
data vs angle of attack for Mach=0.5 is shown in Figs. 3 
and 4. In the present calculations, a common data file 
was used to ensure consistent airfoil characteristics. 
 
As noted above, the comments on the results by the 
panel members at the 1974 meeting are documented in 
the proceedings, Ref. 1. A sampling of the sentiments is 
given here. Regarding the sources of prediction, all 
panelists felt that unsteady aerodynamics was a primary 
concern. Most also were concerned about coupling 
terms in the blade dynamic equations. As far as future 
recommendations, the majority endorsed further work 
with standard cases. Not unexpectedly, a desire for 
funding support was noted. There was general 
agreement on the need for systematic large-scale testing 
in the Ames 40- x 80-ft wind tunnel. Overall the Loads 
Comparison stimulated renewed calls for more research, 
more validation, and the desirability of establishing a 
fundamental math basis for rotorcraft models. Opinions 
were offered as to the reason for differences in the 
results and this essentially came down to separate 
groups working independently with little 
communication. 
 
Panel members were polled as to their opinion whether 
the Government should work toward a single rotor loads 
analysis capability following the general precedents of 
NASTRAN. Of seven replies there were three no, two 
yes, and two maybe. Aside from a general desire for 
such a capability, there was a great deal of skepticism as 
to whether it would be practical or even possible. The 
author will long remember the response of Dr. Richard 
H. McNeal, President of the McNeal-Schwendler Corp., 
the developer of NASTRAN. Reading from the 
questionnaire he said:  
 
“Do you feel that we or the Government should be 
working toward a single rotor loads analysis following 
the general precedents set by NASTRAN? . . . Now, I 
have a privileged position in answering this question 
because I worked on NASTRAN. I have a one-word 
answer to this question: No!” 
 
In the intervening years since the 1974 Specialists’ 
Meeting, the ongoing debate over the advisability of 
developing a global, interdisciplinary, comprehensive 
rotorcraft code evolved and the Army initiated the 
2GCHAS Project in the 1970s. The NASA/Army 
Airloads Flight Test Program was undertaken with the 
UH-60A at Ames in the 1980s and 90s; and the UH-60 
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Airloads Workshop and a full-scale wind tunnel test of 
the flight test rotor was undertaken in the 2000s. 
 
 
Déjà Vu in 2014  
 
One impetus for the present paper was the opportunity 
to revisit the original 1974 rotor loads problem using 
prediction methods based on 40 years of progress in 
rotorcraft aeromechanics research. This would bridge a 
40-year span of loads prediction, then and now, to 
compare new results from today’s evolved codes with 
the original 1974 results.  
 
We begin with a caveat. Many things have changed 
since the original Loads Comparison and some of these 
changes impact the way the present comparisons were 
conducted. In particular, while both investigations were 
essentially performed by unfunded volunteers, the 
current level of effort was considerably less than the 
original. The current results were obtained only for the 
Case A3 at µ=0.33 and the constraints on time and 
effort precluded extensive cross-checking and 
refinements typically desired to develop confidence in 
new results. The present results provide valuable 
insights but don’t necessarily provide an accurate 
measure of the current state-of-the-art.  
 
With this caveat in mind, there were three basic 
objectives for the present comparisons: 1) compare 
results from the 1974 and 2014 codes, 2) observe 
whether the 2014 codes agree more closely among 
themselves than did the 1974 codes, and 3) better 
understand the aerodynamic and aeroelastic 
characteristics as well as the modeling issues of the 
relatively generic 1974 rotor configuration. 
 
Aside from the author, all of the new results were 
contributed by volunteers who shared an interest in 
rotorcraft prediction methodology. Results were 
obtained for two comprehensive codes, RCAS and 
UMARC and for two CFD codes Helios and GT-
Hybrid. The individuals who contributed the present 
results are listed as follows. 
 
Comprehensive analyses: 
  RCAS  Robert Ormiston, ADD-AFDD 
  UMARC Graham Bowen-Davies, Univ of 
Maryland 
CFD analyses: 
  Helios  Mark Potsdam, ADD-AFDD 
  GT-Hybrid Jeewoong Kim, Georgia Inst. of Tech. 
 
It is interesting to note that in 1974 most of the codes 
used by participants were developed by industry, while 
the current codes were developed by either government 
or academia, reflecting a shift in the way technical 
developments occur in the rotorcraft field. 
 
Description of Current Codes 
 
Four different rotorcraft codes were used for the present 
calculations. The two comprehensive analyses were the 
Army’s RCAS and the University of Maryland’s 
UMARC. The two CFD codes were the Army’s 
HELIOS and Georgia Institute of Technology’s GT-
Hybrid. Each will be briefly described. 
 
RCAS 
 
The Rotorcraft Comprehensive Analysis System 
(RCAS) is a comprehensive analysis (CA) developed by 
the US Army, Refs. 19 and 20. It is interesting to note 
that RCAS is a direct descendant of 2GCHAS, Ref. 10, 
and that the debate about whether the Army should 
undertake the 2GCHAS Project was one of the 
discussion topics during the Panel Session on Rotor 
Loads Prediction Methods following the presentation of 
the Loads Comparison paper during the 1974 
Specialists’ Meeting. And so applying RCAS in 2014 to 
the 1974 rotor loads problem represents closing a 40-
year circle. Expressed another way, RCAS returns to 
address the problem that helped to give it birth. 
 
RCAS is a multi-disciplinary software system capable 
of modeling a wide range of complex rotorcraft 
configurations operating in hover, forward flight, and 
maneuvering flight conditions. The structural dynamics 
modeling in RCAS is based on a multi-body, finite 
element formulation. Aerodynamics modeling employs 
several rotor wake inflow models based on simple 
momentum-theory, finite-state dynamic inflow, and 
vortex wake models. A variety of lifting-line airloads 
models are available including the effects of unsteady 
aerodynamics, swept/yaw flow, and radial flow. The 
RCAS code has been validated in the areas of structural 
dynamics, dynamics, aeromechanical stability, flight 
controls, aerodynamic loads and performance prediction 
and coupling with CFD methods for blade airloads and 
loads in trim and maneuver conditions.  
 
The RCAS blade model used 10 nonlinear beam 
elements for the elastic blade, a rigid bar element for the 
hub to the offset co-incident lead-lag, flap, and pitch 
hinge elements. Control inputs were input to the pitch 
hinge. The lead-lag hinge included a linear damper. 
Small structural damping was included (2x10-4 modal 
damping ratio). The aerodynamic model used 27 
aerosegments oriented to reflect the blade twist. The 
aerodynamic modeling used several alternative 
representations among the various RCAS options. The 
rotor wake was modeled with both momentum theory 
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uniform inflow and the prescribed vortex wake (6 revs 
far wake, 90 deg rollup wake, and 60 deg near wake). 
Airloads modeling was based on conventional lifting 
line theory with table lookup airfoil data and the present 
modeling included either linear unsteady airfoil theory 
(Theodorsen) or the Leishman-Beddoes nonlinear 
dynamic stall model. Yawed flow effects were included 
although some components were not fully functional 
with dynamic stall. The solution method used time 
integration to periodic convergence at 72 azimuth steps 
per revolution (5-deg). Trim solutions for the three 
collective and cyclic control trim variables to satisfy the 
three rotor force trim targets were obtained with a 
conventional Newton-Raphson iteration procedure. 
 
UMARC 
 
The UMARC code was developed at the University of 
Maryland and is described in Ref. 21. It is based on 
nonlinear beam finite elements including composite 
material properties. The aerodynamic modeling options 
include momentum theory, dynamic inflow and 
prescribe/free vortex modeling for the rotor wake and 
several aerodynamic models for unsteady airfoil 
aerodynamics including the Leishman-Beddoes linear 
attached flow, separated flow, and dynamic stall 
representations. A modal reduction approach for the 
finite element components is typically used with the 
temporal solutions achieved using a finite element in 
time approach. Trim solutions generally employ a 
Newton-Raphson approach for the trim control 
variables. Analyses for periodic solutions, steady-state 
trim, maneuvers and stability are available. 
 
For the present rotor model application the modeling 
particulars included 20 Structural Elements (Uniform), 
20 Time elements, a free wake, single tip trailer vortex 
wake model (10 deg wake resolution) with table lookup 
airloads, and the unsteady attached airloads model.  
 
HELIOS 
 
The HPCMP (High Performance Computing 
Modernization Program) CREATE-AV (Computational 
Research & Engineering Acquisition Tools & 
Environment – Air Vehicles) Helios, Ref. 22, software 
suite, developed under sponsorship from the DoD 
HPCMO under the CREATE program and the US 
Army, was used in the present study. Helios is high 
fidelity, multidisciplinary rotorcraft aeromechanics 
modeling software. It has a modular framework where 
different solvers, each serving some unique needs, are 
tied together via a python framework that orchestrates 
their execution. The framework has interfaces for 
different types of modules – grid preprocessor, overset 
domain connectivity, CFD and CSD solvers, fluid 
structure interface, postprocessor, etc.  One might 
consider Helios to be the 4th generation government-
sponsored comprehensive analysis development effort, 
driven by dramatic improvements in computing 
capability over 40 years and the shortcomings of the 
current generation of comprehensive analyses. 
 
The basic CFD approach in Helios is to use a multi-
mesh paradigm – near-body body-fitted curvilinear 
and/or unstructured meshes model rotor components 
such as blades, fuselage, etc, and an off-body uniform 
Cartesian mesh models the background regions (wakes) 
away from these components, possibly employing 
adaptive mesh refinement (AMR). These meshes form 
an overset mesh system, and a domain connectivity 
module is used to manage the overset mesh 
communications. 
 
Two near-body solvers are available in Helios – the 
unstructured mesh solver, NSU3D and the structured 
mesh solver, OVERFLOW. The OVERFLOW solver, 
recently added in Helios as a near-body solver module, 
Ref. 23, was used for the present study. The 
OVERFLOW Unsteady Reynolds-Averaged Navier-
Stokes (URANS) module uses a 5th-order central 
difference spatial scheme for the inviscid fluxes, while 
the viscous fluxes are 2nd order. For temporal 
discretization, a 2nd-order diagonalized Beam-Warming 
pentadiagonal scheme is used along with a dual-time 
algorithm and 30 Newton sub-iterations. For turbulence 
modeling, the 1-equation Spalart-Allmaras model is 
used with a fully turbulent assumption. The off-body 
solver is the structured, adaptive Cartesian mesh solver, 
SAMARC that solves the (inviscid) Euler equations 
using a 5th-order spatial discretization scheme (the same 
scheme as OVERFLOW) and a 3rd-order explicit 
Runge-Kutta time integration scheme. The rotor flow-
field is advanced in a time-accurate fashion with 0.25 
degree azimuthal time steps for about 4 rotor 
revolutions, when the CFD/CSD coupling has 
converged. 
 
For the CFD grid, each of the three blades used three 
overlapping grids (main, root cap, tip cap). The blade tip 
was modeled with a cut-off tip consistent with the 
rectangular blade tip planform shape. The blade 
contained at total of 4.8M nodes, with dimensions for 
the main blade of 265x201x73 (chordwise x spanwise x 
normal) and root and tip caps of 111x59x73 (streamwise 
x radial x normal). The wall spacing was chosen to 
obtain y+ of one. A fixed refinement off-body grid with 
spacing of 0.07*chord (.13 ft) extended approximately 
1.2R in X and Y, and +-0.25R in Z. The near-body 
mesh extended out about 0.8 chords and matches the 
off-body spacing at the outer boundary for several 
layers. 
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The structural dynamics modeling and rotor trim 
solution were performed by RCAS using the now-
conventional CFD/CSD loose coupling method. 
 
The Helios mesh and solution for the 1974 rotor at 
µ=0.33 are shown in Fig. 5. 
 
 
 
 
 
 
 
Fig. 5. Helios CFD mesh and solution for the 3-blade 1974 
rotor problem at µ=0.33 showing surface pressures and 
streamlines and the wake depicted by normalized Q 
criterion. 
 
 
GT-Hybrid 
 
The GT-Hybrid, Refs. 24-26, CFD methodology solves 
the flow field near the blade with the Navier-Stokes 
equations. The influence of the other blades and of the 
trailing vorticity in the far field wake is accounted for 
by modeling these contributions as a collection of piece-
wise linear bound and trailing vortex elements. The near 
wake of the blade is inherently captured in the Navier-
Stokes analysis. The GT-Hybrid CFD solver setup 
options were set up to use a 3rd order Roe upwind spatial 
scheme, a Spalart-Allmaras DES turbulence model, and 
an LU-SGS implicit time marching scheme with an 
azimuthal time step of 0.05 deg. The blade mesh (131 x 
65 x 45) is shown in Fig. 6. 
 
The DYMORE multi-body dynamics analysis, Ref. 27, 
was used for the structural analysis (CSD). The rotor 
blades were modeled as elastic beams with a 
geometrically exact beam finite element formulation. 
DYMORE includes an internal lifting line based 
aerodynamic model and an auto-pilot algorithm that 
may be used to perform a fully trimmed aeroelastic 
simulation of an isolated rotor configuration. A lifting 
line based 2-D table lookup aerodynamics with a 
dynamic inflow wake model and Peters 2-D airfoil 
unsteady aerodynamics was used for computing airloads 
internally at the start of the simulations. The airloads 
from the table-look up are replaced with the CFD loads 
(applied as “delta” externally applied forces) during the 
second and subsequent iterations. Typically 5 to 10 
coupled iterations are needed for the aerodynamic 
effects from the CFD side, and the elastic deformations 
and trim adjustments from the comprehensive analysis, 
to converge. In the present study, these loosely coupled 
aeroelastic simulations were completed over 
approximately 10 hours of wall clock time on a 16 node 
Linux cluster. 
 
 
 
Fig. 6. Rotor blade mesh for the GT-Hybrid solver. 
 
 
Comparison of 2014 and 1974 Results  
 
The new 2014 results are focused on the µ=0.33 
advance ratio flight condition, Case A3 and will be 
compared among themselves as well as with the earlier 
1974 results. The results will include the blade natural 
frequencies, the trim solution, azimuthal normal force 
and pitching moment airloads at 0.8R, azimuthal 
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flapwise and chordwise bending moments at 0.5R, 1/2-
PTP half-peak-to-peak (1/2-PTP) oscillatory bending 
moments along the blade, and azimuthal blade tip 
elastic torsion deformations. Rotor blade root shear 
harmonics discussed in 1974 will not be included. 
Since the CFD analyses encompass the full range of 
relevant aerodynamic and structural phenomena, the 
current comprehensive analyses were run with 
corresponding full-fidelity modeling to the extent 
possible. This creates some inconsistency because the 
1974 Case A3 results were obtained with a uniform 
inflow wake model. For this reason, RCAS results are 
presented for both uniform inflow and a nonuniform 
inflow vortex wake. It may be noted that the effect of 
the wake inflow effects are of less importance at µ=0.33 
so that the comparisons with the 1974 results are still of 
interest. 
 
Blade natural frequencies 
 
Before the advent of modern methods, accurate 
solutions of the rotating beam problem were not trivial 
in 1974. This was evident from the 1974 results even for 
the very simple uniform blade configuration, as shown 
in Fig. 7 reproduced from Ref. 6. The different methods 
did not even use consistent fidelity modeling. The 
methods were primarily modal analyses and the lumped 
parameter “finite element” methods, with the exception 
of Hughes Helicopters (HH), were not true finite 
element formulations as are the present methods. The 
results showed moderate variations among the results up 
to mode 6 (first torsion mode). 
 
The new 2014 results are included in Fig. 7 and also 
presented in a conventional fan plot in Fig. 8 to 
illustrate nearly complete agreement for the first ten 
modes except for a very slight difference that is evident 
in the coupling of modes 9 and 10 at low rotor speeds – 
the second chordwise and fifth flapwise elastic bending 
modes, L2 and F5.  
 
Trim solutions 
 
The 1974 trim rotor forces and power from Ref. 6 are 
shown together with the new results in Fig. 9. The three 
rotor forces were all specified trim targets so that a 
successful trim solution with small tolerance settings 
should have met the target force. In 1974, like the blade 
frequencies, trim solutions were not trivial and 
approximate trim conditions were sometimes used. 
Nevertheless, the 1974 results varied a bit. The 
departures from the zero side force trim target are not 
significant in view of the expanded scale. 
 
 
Fig. 7. Comparison of 1974 rotor blade rotating natural 
frequencies in vacuo (per rev) at 100% nominal rotor 
speed, collective pitch = 0 deg with 2014 results added. 
 
        
 
Fig. 8. Comparison of 2014 rotating blade natural 
frequencies (per rev) vs rotor speed for the first ten modes 
in vacuo calculated by RCAS, UMARC, and DYMORE. 
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Aside from the side force, the thrust and propulsive 
force of the new results closely match the trim targets as 
would be expected. However, somewhat surprisingly, 
the variations in rotor shaft power, CP/σ, are actually 
larger for the new results. The RCAS and Helios results 
are relatively close but UMARC and GT-Hybrid are 
significantly higher and this may be related to other 
aspects of the solutions discussed below.  
 
The corresponding trim control solutions, Fig. 10, are 
generally consistent with the trim forces. Here the new 
results vary among themselves about as much as do the 
1974 results. 
 
       
 
Fig. 9. Trim rotor forces and power results from 1974 (left) 
and 2014 (right) solutions. 
 
         
Fig. 10.  Trim collective and cyclic controls results from 
1974 (left) and 2014 (right) solutions. 
The trim rotor flapping results in Fig. 11 show similar 
characteristics. Here, the Helios solution seems to differ 
most from the other new results. As explained earlier, 
the variation in the present results is not surprising in 
view of the preliminary nature of the results overall. 
 
 
 
Fig. 11.  Trim flapping results from 1974 (left) and 2014 
(right) solutions 
 
 
Normal force airloads  
 
For the µ=0.33 Case A3 in 1974, the aerodynamics 
modeling included nonlinear airfoil modeling with 
dynamic stall but uniform inflow for the wake. A 
sampling of the blade normal force airloads is presented 
in Fig. 12 for azimuthal variations at the 0.8R radial 
location. 
 
Normal force airloads from 1974 presented in Fig. 12a 
show significant variations among themselves. 
Although these results did not include nonuniform 
inflow the differences as well as the higher frequency 
variations are attributed largely to dynamic stall 
modeling (note that the ARC results included 
nonuniform inflow but not dynamic stall modeling).  
 
The present normal force airload results in Fig. 12b are 
generally more consistent with each other than in 1974. 
In addition they do not show much evidence of 
retreating blade dynamic stall at 80%R. Limited RCAS 
sensitivity studies showed some instances of retreating 
blade dynamic stall with some combinations of dynamic 
stall, yawed flow, and the vortex wake modeling. The 
effect on the normal force airloads was relatively small 
however. The RCAS results in Fig. 12b also include 
airloads with uniform inflow for more consistent 
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comparison with the 1974 results and to show that effect 
of the vortex wake at µ=0.33 is relatively small. 
 
Pitching moment airloads  
 
Pitching moment airloads were not included in the 1974 
paper but one of Johnson’s 1974 results (at 0.82R) from 
Ref. 28 based on an early MIT dynamic stall model is 
presented in Fig. 13a. This result shows substantial 
evidence of retreating blade dynamic stall consistent 
with the 1974 normal force airloads in Fig. 12a. The 
present 2014 pitching moment airloads at 0.8R are 
shown in Fig. 13b and there are moderate differences 
between the individual results. Nevertheless, t here is 
general similarity in the basic azimuthal waveforms and 
the differences are more in the details or the scale of the 
results. This is in contrast to the 1974 results.  
 
Regarding dynamic stall behavior, the GT-Hybrid CFD 
results show a substantial nose down pitching moment 
for the retreating blade characteristic of dynamic stall. 
The RCAS results were sensitive to the modeling 
options and also showed some evidence of retreating 
blade stall when the Leishman-Beddoes dynamic stall 
model was used with the vortex wake but without 
yawed flow. 
 
Of particular interest was the sensitivity of the 
comprehensive analyses’ pitching moments in the 
advancing blade first quadrant. RCAS studies showed 
the pitching moment to be very sensitive to modeling 
options at high local blade Mach number. It is known 
that a lifting line model with 2-D airfoil data is not 
realistic for unsteady 3-D flow conditions especially for 
the NACA 0012 low speed airfoil at the high advancing 
tip Mach number of Case A3 (M90=0.895). 
Compressibility effects produced large variations in 
pitching moment near the blade tip outboard of 0.8R 
(not shown) that were not observed in the Helios CFD 
solutions. 
 
Blade Structural Loads 
 
The azimuthal blade flapwise and chordwise bending 
moments at 0.5R are presented in Figs. 14-17. The 1974 
flapwise bending moments are shown in Fig. 14a and 
the present 2014 results are shown in Fig. 14b. Overall, 
the flapwise bending results are reasonably consistent. 
The present results may be a little more consistent 
among themselves than the 1974 results with perhaps 
the exception of the UMARC results. The two CFD 
results are in quite close agreement The RCAS results in 
Fig. 14b show the relative influence of the vortex wake 
nonuniform inflow compared to uniform inflow and this 
helps to explain the generally reduced higher frequency 
bending response in 1974.  
The azimuthal chordwise bending moments at 0.5R are 
shown in Fig. 15. The 1974 results in Fig. 15a reflect 
considerable variation between different codes. Aside 
from aerodynamic complexities, modeling lag dampers 
and flapwise and chordwise structural coupling of 
twisted rotating beams were partly unresolved issues at 
the time. This was noted for the 1974 blade rotating 
frequencies in Fig. 7. Interestingly, the present 2014 
chordwise bending moments, Fig. 15b, also show 
marked differences among the different codes. The 
present RCAS comprehensive analysis results with the 
vortex wake are reasonably close to the Helios CFD 
results. The UMARC comprehensive analysis results 
show moderately larger and more oscillatory chordwise 
bending response.  
 
The final blade loads results in Figs 16 and 17 
summarize the oscillatory half peak-to-peak (1/2 PTP) 
flapwise and chordwise bending moments versus blade 
radius. The 1974 flapwise bending moments, Fig. 16a, 
are generally consistent with each other except for the 
Boeing Vertol result (BV), while the present 2014 
results, Fig. 16b, show unexpectedly large differences. 
The 1974 chordwise bending moments, Fig. 17a, show 
considerable variation, not unexpected in this case since 
the blade root boundary condition for the lead-lag hinge 
damper appears to be incorrectly modeled by Sikorsky 
(SA) and Bell (BHC). Again the 2014 chordwise 
bending moment results show unexpectedly large 
differences. The RCAS and Helios chordwise loads are 
in close agreement. Virtually all of the present results 
show the expected influence of the lag hinge damper; 
the unusual variation of the GT-Hybrid loads 
approaching the blade root is considered to be due to an 
as yet unidentified anomaly in the analysis. 
 
As noted earlier, the unexpected variation in the present 
blade bending loads may be the result of limited 
opportunity for refinement of the present calculations. A 
possible explanation for the differences might be 
inconsistency in coordinate system used to output the 
flapwise and chordwise bending moments. The 1974 
problem specified the blade principal axis coordinate 
system rather than the shaft axes and blade loads differ 
considerably between these two coordinate system.  
 
Blade elastic torsion deformation 
 
The most interesting results are the blade tip elastic 
torsion responses presented in Fig. 18. In 1974 it was 
anticipated that the combination of rotor lift and 
advance ratio for Case A3 would produce retreating 
blade stall and stall flutter. And a number of the 1974 
results, Fig. 18a, including BHC, BV, Lockheed (LCC), 
and SA, do tend to exhibit strong evidence of stall 
flutter. Additional 1974 results of Johnson included in 
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Fig. 18a, again from Ref. 28 as in Fig. 13a, now using 
three different early dynamic stall models, also show 
indications of dynamic stall. In the 1974 results, the 
largest nose-down torsional deformations generally 
occur in the fourth quadrant of the retreating blade. 
 
The present 2014 results shown in Fig 18b differ 
significantly from the 1974 results but are more 
consistent among themselves. First, the general 
azimuthal variation is different with a large positive-to-
negative torsion deformation in the first 1-1/2 quadrants 
of the advancing blade. Second, there is little evidence 
of a significant retreating blade dynamic stall, except 
possibly for the GT-Hybrid results. Both the CFD 
results from Helios and GT-Hybrid show a small or 
positive mean torsion deformation while the 
comprehensive analyses of RCAS and UMARC show a 
considerably larger negative mean torsion deformation.  
 
Two additional RCAS results are included in Fig. 18b to 
show the sensitivity to the airloads modeling options, 
particularly the influence of uniform inflow and yawed 
flow. The results that agree most closely with the Helios 
CFD results include the vortex wake and Leishman-
Beddoes dynamic stall model without yawed flow 
effects. As noted earlier this generates small amounts of 
retreating blade dynamic stall and is consistent with the 
pitching moment airloads in Fig. 13b. The effect of yaw 
tends to mitigate dynamic stall since it increases the 
airfoil stall angle of attack and delays the onset of the 
large dynamic stall nose-down pitching moments. 
 
The present results seem to confirm Bousman’s recent 
observations, Ref. 8, that the rotor loads problem 
specified in 1974 was likely not subject to dynamic stall 
since it represented an operating condition (µ & CT/σ) 
somewhat below the generally accepted rotor stall 
boundary of McHugh. However, the lower lift 
capability of the symmetric NACA 0012 airfoil tends to 
lower the stall boundary and is consistent with the fact 
that instances of dynamic stall were found in some of 
the present calculations. 
 
Concluding Remarks and Recommendations 
 
The 1974 Specialists’ Meeting, the Loads Comparison 
paper, and the ensuing panel discussion reinforced the 
perception that the prediction codes of the time left 
much to be desired and stimulated renewed calls for 
more research, development, and validation to influence 
the subsequent evolution of prediction methodology. 
Debate at the meeting helped lead to Army support for 
2GCHAS. Collaborative efforts by participants in the 
Loads Comparison served as a template for the technical 
community collaborations when the Airloads Workshop 
began in 2001 and led to the final break-through in 
development of CFD/CSD coupling methodology in 
2003. 
 
Despite the limitations of the present analyses and the 
lack of direct validation with experimental 
measurements, it seems evident, though not surprising, 
that the new methods are significantly improved over 
the 1974 methods. This is consistent with direct 
experimental validations obtained in recent years. While 
differences exist between current comprehensive 
analyses and CFD, there is considerable similarity in the 
results. The µ=0.33 Case A is close to stall, and 
represents a moderately difficult test for CFD.  
 
It is suggested that current comparisons with the 1974 
rotor problem be continued. The results to date are 
somewhat preliminary and more definitive conclusions 
should be obtained with refined calculations. The other 
flight conditions should also be pursued. 
 
Although CFD codes will continue to become more 
practical, accurate, and efficient, they will always be the 
“high fidelity option” as comprehensive analyses retain 
advantages in ease of setup, computational expense, and 
efficiency for iterative design applications.  While their 
lower-fidelity physical modeling is less accurate, it is 
inherently more separable and enables useful 
opportunities to interpret results by accessing the 
interactions between the separate physical models not 
available with “all-up” CFD modeling. Comprehensive 
analyses will continue to advance as the models are 
refined and CFD can actually aid in this refinement. 
 
For example, CFD analyses in attached flow conditions 
can be used to assess and validate many aspects of 
linear, unsteady, 3-D modeling employed for airloads 
and wakes of comprehensive analyses. And CFD may 
help to develop empirical models of nonlinear transonic 
tip effects. 
 
Finally, high quality experimental data will always be 
needed to support the development of advanced 
computation methods. Large-scale rotor testing should 
be undertaken with a purpose-designed research rotor to 
provide high quality experimental data for assessing, 
validating, and advancing future prediction methods. 
 
 
Acknowledgements 
 
Without the contributions of several individuals 
updating the 1974 results would not have been possible. 
The author wishes to thank these individuals for their 
interest, enthusiasm, support, and hard work. At the 
Aviation Development Directorate-AFDD, colleague 
Mark Potsdam enthusiastically contributed extensive 
 15 
CFD results from the state-of-the-art Helios code. At the 
University of Maryland, Professors Inderjit Chopra and 
James Baeder were very supportive and Research 
Assistant Graham Bowen-Davies contributed all of the 
comprehensive analysis results from UMARC. At the 
Georgia Institute of Technology, Professor Lakshmi 
Sankar was highly supportive and his student Jeewoong 
Kim generated extensive CFD results with GT-Hybrid 
and DYMORE.  
 
 
Nomenclature 
 
a airfoil lift curve slope, per rad 
b number of blades 
cdo airfoil section drag coefficient 
Fprop rotor propulsive force, pos forward, lb 
L rotor lift, lb 
P power, ft-lb/sec 
Q rotor shaft torque, ft-lb 
R blade radius, ft 
T rotor thrust, normal to rotor disk, lb 
V free stream velocity, ft/sec 
VT rotor blade tip speed, RΩ, ft/sec 
αs rotor shaft angle of attack, pos nose up 
ρ air density, slugs/ft3 
Ω rotor angular velocity, rad/sec 
µ advance ratio, 
€ 
µ = µ∞ cosα s 
σ rotor solidity, bc/πR 
θo, θs collective, longitudinal cyclic pitch, deg 
θs blade twist, deg  
 
Dimensionless quantities 
CL ,CT = L,T ρπR
2VT
2  force coefficients 
€ 
CQ, CP  
€ 
Q ρπR3VT
2 , P ρπR2VT
3 , rotor torque and 
power coefficient 
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    a) 1974, lift     b) 2014, normal force 
 
Fig. 12.  Lift and normal force airloads (lb/in.) vs azimuth; r=0.8R. 
 
                                     
 
 
                                  
 
   a) 1974, r=0.82, (Ref. 28)     b) 2014; r=0.8R  
 
Fig. 13.  Pitching moment airloads (lb) vs azimuth. 
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    a) 1974      b) 2014    
 
Fig. 14. Blade flapwise bending moment (x10-3 in.-lb) vs azimuth; r=0.5R. 
 
 
    
 
    a) 1974      b) 2014    
 
Fig. 15. Blade chordwise bending moment (x10-3 in.-lb) vs azimuth; r=0.5R. 
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    a) 1974      b) 2014    
 
Fig. 16. Oscillatory blade flapwise bending moments, ½ PTP (x10-3 in.-lb) vs r/R; µ=0.33. 
 
 
 
 
 
 
 
      
 
    a) 1974      b) 2014    
 
Fig. 17. Oscillatory blade chordwise bending moments, ½ PTP (x10-3 in.-lb) vs r/R; µ=0.33. 
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   a) 1974, and Ref 28     b) 2014 
 
Fig. 18. Blade tip elastic torsion (deg) vs azimuth; µ=0.33. 
 
 
 
 
